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SECTION I
INTRODUCTION

The development of stable crossed-field high convergence guns remains
a significant technological problem in the continuing improvement of in-
jected beam crossed field devices and to the development of new types of
millimeter-wave devices such as the gyrotron. Crossed-field guns are of
concern to the Air Force in injected-beam crossed-field amplifiers (IBCFA's)
and crossed-field backward-wave oscillators (M-BWO's). Both of these
types of devices are presently used in ECM. The IBCFA also represents
a possible power source for multi-function radar. In the gyrotron, where
magnetron injection guns are used, noise under crossed-field conditions
is a limiting factor in the performance of the gun.

The beam characteristics of an X-band IBCFA for multi-function radar,
now under development at Northrop*, are of special concern. The perform-
ance of the radar in some modes of operation requires low noise output,
and in particular low phase noise. The cathode emitter area is severely
limited in such an X-band device. Efforts to increase the cathode area
by lengthening in the direction of electron travel are expected to in-
crease beam noise, as discussed in Section II.

The work reported here was directed toward the investigation of the
most serious problem existing in crossed-field guns, the stability problem,
and to relate beam stability to measured beam configuration. The primary
experimental tool was the unique crossed-field beam tester recently develop-

ed by Northrop with Air Force support [1,2]. This device was designed to

* Contract No. F33615-79-C-1806.
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measure beam location and relative current distribution in the inter-
action space of IBCFD's (injected-beam crossed field devices). This
category of devices includes both IBCFA's and M-BWO's. This beam analyzer
was modified to accomplish the following additional tasks:

(1) Measure the electron beam characteristics in the gun region

as well,

(2) Detect noise in the beam.

(3) Interrupt or "chop" the beam to improve reiiability of measure-

ments.

In the beam analyzer, a gas beam is injected at a right angle to the
electron beam. The atoms in the gas beam are excited by collision with the
electrons, and the photons which are emitted are focussed and counted as
a function of position. (For more details of the beam analyzer, see
Section III.) A level of radiation was observed with the gas beam off
which obscured the results. To overcome this problem, a “chopper" for
the gas beam was introduced with which, at each location where measurements
were made, photon counts were made over equal time periods with the gas
beam on and off, and the output of the photon counter is the difference
between the two different counts. The results obtained by this method
are considered much more reliable than those previously obtained.

The results presented here show the measured beam characteristics
both in the gun and the simulated interaction space, and correlation
with noise measurements. The electron gun which was the primary subject
of this study was a Kino type ungridded gun, for which calculations are
easily accomplished. A dramatic decrease in beam noise was found under

temperature limited conditions. Such an observation is generally con-
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sistent with results observed by many workers. It is supported by some

theoretical work and contradicts other theoretical work.
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SECTION II
NOISE IN CROSSED-FIELD GUNS
2.1 Noise Generating Mechanisms

In the history of crossed-field guns, the gun configurations most
used have been parallel-nlate ontics and space-charge optics, in which the
electrodes are shaped to take snace charge into account. The spnace-charge optics,
which are of most interest, were first studied at Thomson-CSF. Further
studies were made by Kino and his collaborators, and two analytical de-
sign methods were developed, for a "short" Kino gun and a “long" Kino gun.
Only the "long” Kino gun is of practical interest for high power cross-

field devices.3

Experiments by Midford and Kino 4,5 show good agreement with calcu- };
lations for the short and the long guns in terms of the current-voltage
relationships. It was observed, however, that instabilities caused the
beam to spread, and "that some unknown strong noise generating mechanism
is operating in the cathode region". Much improvement was made by moving
the exit plane of the gun closer to the drift region. It is now a well-
established design procedure to shorten the transition from gun to inter-
action space in IBCFA's and MBWO's, and experience shows "the shorter the
better".

In spite of the success achieved with guns taking static space charge if
into account, it was clear that dynamic (i.e., time varying) space charge
affected the behavior of the beam. Two factors which seemed to give rise
to these effects appeared to be in the noise generated near the cathode if
surface, especially under space-charge 1imited conditions, and amplifica- i-

tion by the diocotron effect of any noise generated in the gun region.
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In numerous publications in the 1950's, it was shown that the beam in
a crossed-field device is not stable because of the diocotron effect. The
diocotron effect is a gain mechanism which results from rf space charge
effects in ¢rossed-field beams. It is well understood theoretically and
experimentally for thin laminar beams. However, it does not adequately
explain the noise phenomena observed in crossed-field tubes. A noise
source or sources many orders of magnitude greater than shot noise, and sub-
sequently amplified by diocotron effect, must be postulated. Some of the
phenomena observed include, in addition to the observations of Kino and
Midford, the following:
a) Sole Current: Even in absence of rf drive power in an
IBCFA, very significant numbers of electrons reach the
sole which is at a potential several thousand volts negative
with respect to the cathode.
b) Beam Noise: WNoise figures of more than 100 dB have been
measured.

¢) Spurious Oscillations: Spurious oscillations and frequency-

sensitive noise orders of magnitude greater than thermal
noise are observed. The frequency and amplitude depend on
all tube parameters.
A1l of these phenomena are small if the width (perpendicular to the
B Field) of the cathode and the magnetic field are low, or if the current
density is low. Arnaud found that, for the parallel-plate Charies gun {(Figure 1),
enhanced noise occurs if the lenath of the cathode (in the direction of beam

flow) is more than about half a cycloid®® and that for a long Charles gun
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the beam at the input of the interaction space is nearly 100% modulated 1
by noise. It is also observed that the enhanced noise is absent or greatly
reduced under temperature limited conditions.

The fact that the noise generating process is poorly understood is

emphasized by the diversity of results reported. Gautier and co-workers7

realized a zero-drive stable IBCFA in L-band with an output power of more
than 1 MW, where magnetic field, relative cathode length, and beam current
were all necessarily high. Mantenad measured a noise figure for a long
Kino gun of only 3 dB. Sm019 has described experiments with very long
Kino type guns in which the threshold for noise instability is relatively
insensitive to cathode length, and in which noise decreases with greater
cathode-anode spacing.

The enhanced noise was the subject of numerous experimental and
theoretical studies. A large contribution to the understanding was made
by Van Ouzer, Whinnery, and co-workers of the University of California.10
It is éenerally accepted that the enhanced noise under space-charge 1imited
conditions is due to the existence of "critical electrons" which are just
able to pass into the stream below the potential minimum, creating an
internal feedback, with combined space charge induced motion, over the
width of the cathode. The electric field between the cathode surface and
the potential minimum has "negative" polarity, i.e., it tends to repel
the electrons emitted. Those electrons which have an emission veiocity
such that they fail to penetrate the potential minimum will acquire an

average drift velocity opposite to the direction of beam injection.
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This is in effect a feed-back loop. There is no potential minimum under

temperature limited conditions, and this feed-back loop then does not exist.
While such a feed-back mechanism provides a reasonable qualitative expliana-
tion for the observed phenomena, quantitative analyses are not yet known
to be adeauate.

On the other hand, there has been theoretical work published more
recently by several workers which not only fails to predict enhanced
nuise under space-charge limited conditions, but in fact indicates the
contrary: space-charge smoothing: Such results are reported by Harker

and Crawford!!,by Shkarofsky, |2 13

and by Shaw and Kooyers,'>~ all working
under AFOSR support. The first two of these represent purely theoretical
analyses, and the last represents the results obtained from a computer
model.

2.2 Gun Designs with Improved Stability

[f the instability of the beam is due to a feed-back of the

electrons in the potential minimum regjon, it should be possible to stabilize
the beam by interrupting the feed-back loop. Two methods have been studied,
inhomogeneous magnetic field, and the gridded gun.

If there is small companent of magnetic field perpendicular to the

cathode, the pattern of electron motion in the potential minimum region is

perturbed, and the critical electrons do not move back to the point of

origin. A number of workers have reported an appreciable reduction of
14,15,16

noise, or of noise/signal ratio, with such a perpendicular B field




17 studied a gridded gun with the aim of interrupt-

Arnaud and Doehler
ing the feed-back loop in the potential minimum. The grid wires were in
the direction of the magnetic field. A significant reduction of the noise
and the sole current was observed. Figure 2 shows the ratio of the noise
current measured around 50 MHz in a bandwidth of 4 kHz, as a function of
B/Ber. Bep is the critical magnetic field for cut-off corresponding to f;
the anode voltage which is applied, and B is the actual magnetic field.
Curve 1 corresponds to the normal Charles gun. The enhanced noise starts
at B/B¢p = .6. Curves 2 and 3 were measured with a grid-to-cathode spacing
of 10 mm.

Diamand18 obtained a reduction of the noise figure in an L-band 200-watt
IBCFA from about 100 dB to 50 dB, using a high-u grid with wires perpendi-
cular to the magnetic field. Figure 3 shows the measured noise figure
versus plate voltage at constant current. The grid voltage was varied to
maintain constant current. In this case, the noise decreased with higher
cathode temperature limited conditions.

Grids have been found essential for most practical IBCFA applications

for beam current switching at low voltage, and are therefore an almost

universal requirement in modern IBCFA's.
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] SECTION III !
TEST APPARATUS v

4 3.1 The Beam Tester

3 1 The primary tool for evaluating crossed-field beams is the crossed-

field beam tester developed by Northrop under AFAL Contract No. F33615-75-C-

1033], and refined as an effective instrument for crossed-field gun evaluation v

under AFAL Contract F33615-78-C-14352. The essential feature of this device

is that a gas beam is injected which is perpendicular to the electron beam,
gas stoms are excited by collision with electrons and promptly re-radiate
the energy from excitation so that the location of the radiation represents
essentially the position of the collision. A portion of the photons so b
generated is focussed on a detector. A schematic of the apparatus is shown
in Figure 1. The location of the portion of the beam being probed is deter-
mined in the x-y plane by the relative position of the gas jet, and in the
z-direction by the location of the slit in front of the detector. More
details as to the construction and principles of operation of the beam
tester are given in Reference 2.

3.2 Gas Beam Chopper

It has been observed that when the gas beam is shut off, enough

photon counts appear to affect the accuracy of beam measurements to a
serious degree. Such results were reported in Reference 2, and are shown Y]
here in Figures 2 and 3. Possible sources of spurious radiation include v
the hot cathode, electrons striking electrodes, and electrons colliding

with molecules of background gas.

9
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Figure 2. Run A with No Gas Injection
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An approach to the suppression of these unwanted photon counts is to

count photons with the gas beam present and also with the gas beam off

for an equal time period, and then to subtract the latter from the former.

To accomplish this a vane, or chopper, is provided to interrupt the gas
beam when actuated by a solenoid, as shown in Figure 4. At each position
of the gas jet and slit, two readings, each over a period which is of
the order of magnitud: of a second, are made. The counter instrument is
programmed to subtract the difference in counts with and without the gas
beam, and to output the difference.
3.3 Computer Control and Automation

During the course of this program, the taking of data in the
beam analyzer was made fully automated. Each entire experiment, for any
one setting of the power supply system, is under the control of an
HP-9845A computer. The computer controls the stepping motors which move
the gun and magnet assembly in the X-direction and Y-direction, and the
slit in the Z-direction. It also controls the solenoid which actuates
the "chopper". It collects the data from the counting instrument and
automatically plots the results. Examples of the output from automated
experiments are shown in Section IV of this report.

3.4 Noise Detector

Noise in the beam is picked up by a short section of a meander
circuit, as shown in Figure 5. The meander circuit in combination with
the electron beam constitutes, in effect, a crossed-field amplifier

without an rf input signal, but the circuit is too short for any real
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amplification to take place. The "input" port is replaced by a termination
which consists of resistive material on the ceramic supports between the
meander and the ground plane. The effective length of the meander circuit,
not including the bars which constitute the termination, is 10 circuit
bars, or 0.270".

The essential electrical properties of the meander circuit, the delay
ratio (c/vpp) and coupling impedance at the level of the circuit, are
shown in Figure 6. Over the 10 bars constituting the active portion of
the circuit the attenuation is considered negligible. A circuit of this
length is too short for accurate measurement of its properties. Therefore
calculated values are used. These values are calculated according to a
method developed at Northrop under Air Force Contract No. F33615-79-C-1752,
which has given excellent correlation with experiment.

The power coupled into the circuit by an ac component of current in
the electron beam has been calculated according to well-known small-signal

13 was used for the basis of cal-

theory for an IBCFA. The work of Gould
culations. The difference between the IBCFA calculations and the problem
of interest here is in the entrance boundary conditions. In the IBCFA,
the beam enters the system unmodulated, and there is an rf input signal.
In the present case, there is no pf input signal, but there is beam
modulation. For a given ac component of current density it is possible
to calculate the power level at the output of the meander. The relation-
ship may be expressed as a resistance,R, such that P = I,2 R/2, where P

is the output power and I, is the peak value of the AC component of

current. In Figure 7 the calculated value of R is shown for two different
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values of beam current, and with other ﬁarameters the same. This method
of analysis also shows that R is not very sensitive to asynchronism
between beam velocity and phase velocity of the circuit. In Figure 8
is shown the value of R as a function of the asynchromism parameter, b,
as defined by Gould'? and other authors.
3.5 Electron Guns

The characteristics of electron guns have been studied. The
first of these guns is a gridded gun designed for the X-band radar
IBCFA previously mentioned. The gridded gun is shown in Figure 9. The

grid dimensions were as follows:

Pitch (Center-to-Center of Grid Bars) 0.0182"
Number of Bars 17
Effective Width of Grid Opening 0.324 "
Bar Thickness 0.037 "
Bar Width 0.033 "

Other principal gun dimensions are shown in the figure.

The second gun which was built was a"Kino" type ungridded gun, which
was studied for the beam noise generated as well as the beam location.
This gqun is shown in Figure 10.

In both guns, a slot was placed in the plate electrode (accelerating
anode) to allow the gas jet to be introduced into the gun region as well
as into the simulated interaction space. The slot in the plate is shown
in Figure 11. In the particular configuration used here, note that there
is only one transverse slot in the interaction space instead of the two

shown in Figure 1.
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SECTION IV
MEASUREMENTS

4.1 PRELIMINARY MEASUREMENTS

Measurements of the properties of the gas beam were made to determine the beam
spread and hence the resolution in the x-y direction (reference figure 1). This was
accomplished by moving the jet across the slot in the center of the beam between the
transverse slots. (In normal operation, the jet is always centered over a slot.)
Thus, the gas beam is shadowed from the electron beam except when the jet is imme-
diately over the slot. If the gas beam is much narrower than the slot width, as
expected, there will be few or no counts produced by collisions with the electron
beam when the gas jet is not over the slot. As it moves across the edge of the
slot, the counting rate will rise abruptly, and will remain nearly constant while
the gas beam moves across the slot. After the gas beam reaches the other edge of
the slot, the counting rate will fall abruptly. A set of measured results is shown
in figure 12*. The slot width is 0.010 inches, so that the beam is evidently much
wider than the slot. Several runs were made with different sets of electron beam
parameters, and all of them showed a gas beam width of 0.040 inches to 0.050 inches.
Calculations of beam spread were made using the method descrihed in Reference 2,

page 10. The following gas beam parameters were used:

In the data presented in this section, the following symbols are used: Vk =
cathode-to-ground voltage, where the electrode simulating the circuit (1ine) is

always at ground; Vs = sole voltage with respect to cathode; Va
anode voltage with respect to cathode; V_ = grid or focus electrode voltage with
respect to cathode; I, = cathode (beam) current, B = magnetic field (y-direction).

= accelerating
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Length of capillary: 1.0 cm

Radius of capillary: 0.0023 cm
Pressure of gas in reservoir: 0.09 Torr
Temperature: 300%

Diameter of He ato;; 2.65 X 1078 cm

The resulting value of the half angle is 0.015 radians. Since the jet was about
0.175 inches above the slot, the observed half angle is 0.025/0.175, or about 0.14
radians. The difference has not yet been explained. However, it is necessary to
conclude that the resolution in the x-y plane is no bettar than +0.020 inches in the
direction of a slot, while the gas beam will be truncated to approximately the width

of the slot in the other direction.

The effectiveness of the gas beam "chopper" is illustrated in figure 13.
Figure 13(b) shows counts without the chopper, and figure 13(a) shows the results
with those counts which appear in absence of the gas beam suppressed. These mea-

surements show photon counts as a function of z-position.

4.2 GRIDDED GUN

The gridded gun shown in figure 9 was mounted in the beam tester after auto-
mated measurements were introduced, but without the "chopper" or meander circuit to
measure noise. A number of sets of measurements were made, and the results summar-
jzed here. In all of the plots of photon counts in this report with the exception
of figure 12, photon counts are shown as a function of z-position for a given gas
jet location. With respect to the gridded gun data, the anode which simulates the
delay 1ine is located at position 0.004 inches on the horizontal axis, and the sole

is at position 0.069 inches. The plane of the cathode corresponds to 0.047 inches.

26

. - B e .
R . ymuﬂw*mm«mb e 3 17 e

»



- - te—

) . - - P—— y
. . < ‘A.nx‘vfj;%j; 5

'

*ot3ddoyy,, 13r se9 yo 3123343 -f{ sunbiy

H

AY L

ssneg OSpg = 9 - o | :
E 0ol = M— At 9« = W> ¥
A 00b- = Ba Mg = Mg . !
(U1) NOTLISOd I10S-INCY U1y NOTL1SOd 30S-NNLT M..
S SN SN IS - R N e ¢
L y
{ , w
\
11 \ k
# 1 “ . by
b4 ‘ ~ P
: £ N m
g 4 * W
: m ;ﬂ m . S5
. T3 ¥
W % %
: ® qe e Y
| j § g
| _
I _ 1€
]
8- oN fny sToiTen ¢ v \




E

L X

| Sy |

I

o=

A series of measurements was made to determine beam distribution in the trans-
verse direction - the y-direction of figure 1. Each set of data shows photon counts
as a function of the accelerating anode and across the slot in the electrode which
simulates the delay line of an operating tube. Three of the measurements made in
the line anode slot are shown in figure 14, along with a plot of the peak value
observed for each set of measurements along the transverse slot in the plate as well
as the line anode slot. The beam is mainly concentrated over a width well under
0.180 inches as compared with the cathode width of 0.309 inches. There are two
factors which are probable contributors to the beam narrowing: (1) Magnetic field
is greater nearer the pole pieces than in the center, and (2) the shields on the
edges of the gun and of the sole, which prevent the lateral escape of electrons,
tend to push the beam toward the center by electrostatic forces. The location of
peak counts in the center of the beam is 0.022 inches from the sole, which corres-

ponds with the calculated ideal beam position within 0.001 inches.

A series of measurements was made to probe the beam position in the gun as a
function of grid voltage. As the grid was made more negative, the voltage on the
accelerating anode was increased to maintain constant beam current. Two of the
plots from this set of measurements are shown in figure 15. The gas jet is 0.050
inches from the back of the cathode on the y-axis center line. When the grid is at
-10V with respect to cathode, the peak of counts is 0.0025 inches above the cathode,
and when the grid is at -200V, the peak of counts is 0,0065 inches above the cath-
ode. Note that the top side of the grid fs 0.008 inches above the cathode. In both
plots there is a lesser peak of counts located to the left. These are attributed to
gas collisions with the beam fn the simulated interaction space. Although no gas is
injected in this region, gas will drift from the gun region because there is no

escape for it through the cathode surface, whereas means of escape of the gas
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through the sole surface is provided in the simulated interaction space. These

spurious photons shown in figure 15 are poorly focused, but they are counted. This 'y

is a 1imiting factor in probing the beam in the gun region.

An important useful function of the beam tester is to determine the optimum
location of the plane of the cathode with respct to that of the sole. The objective
is to minimize the beam thickness. A series of measurements is made with constant ¥
line-to-sole voltage for constant beam velocity, and with the cathode-to-line volt- Vs
age varied. A series of 10 such measurements was made using the gridded gun, and
four representative sets of data are shown in figure 16. The narrowest peak of 1
counts is in figure 16(b), corresponding to 8 kV from cathode to 1ine, but the peaks
in (a) and (c) are not much wider. The beam spread in (d) is much greater and is ;f
asymmetrical, skewed toward the anode side at the bottom. This observation is |
consistent with considerable cycloiding of the trajectories. The observations may

be summarized as follows:

Vk VS Peak Counts Ideal Position - Calculated
Figure  (kV) (kv) (Position Relative to sole - inches)
16(a) 7.5 -4,5 0.032 0.031
16(b) 8.0 -4,0 0.027 0.028
16(c) 8.5 -3.5 0.023 0.026
16(d) 9.25 -2.75 0.019 0.022

The agreement between position of peak counts and the ideal beam position by calcu-
lation is quite good. The optimum beam position from the data is 0.005 inches above
the plane of the cathode (which is 0.022 inches above the plane of the sole). The i

trajectories from the cathode to the interaction space can not be calculated by any
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simple method, first because of the three dimensional configuration of the grid, and
second because the fields in the gun region are affected somewhat by the line poten-
tial. The latter problem is indicated by the fact that the accelerating anode
voltage which is necessary for the same beam current in each case differs for

different line voltages.

4.3 UNGRIDDED KINO GUN

Measurements of an ungridded Kino gun are of particular interest because calcu-
lations are directly and easily accomplished. The geometry is simple enough that
one may reasonably conceive of comparing experimental observations with theoretical
analyses of noise. Only the Kino Tong gun is of great interest. The Kino short gun
is, with some exceptions, not capable of supplying enough current for practical

apnlications.

A series of measurements was made to determine the location of a beam injected
by the Kino gun. Results are shown in figure 17 for four different combinations of
cathode-to-line and cathode-to-sole voltages. In these measurements the line anode,
which now incorporates the short section of meander line downstream from the gas
jet, is located at 0.005 inches; the sole is located at 0.070 inches. The thinnest
beam corresponds to vk = 8.3 kV and VS = -2.9 kV. With the Kino gun it is possible
to calculate by simple means not only the ideal beam location in the interaction
space, but also the trajectories coming out of the gun which should mate ideally
with that beam location, assuming ideal electrode shapes. The data from these runs

is summarized as follows:
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Ideal Beam Ideal Location of

Calculated Cathode Surface !
Figure Vk(kv) Vs(kv) Peak Counts (Position Relative to Sole - inches)
17(a) 8.3 -2.9 0.036 0.029 0.012
17(b) 8.0 -3.3 0.038 0.031 0.014
17(c) 7.5 -4.1 0.039 0.036 0.017 ;
17(d) 7.0 -4.5 0.038 0.038 0.020 ;

The location of peak counts does not correlate with calculations as well for this i
set of measurements as for the gridded gun. In these measurements, the peak current
was 1.0 A as compared with 0.1 A for the gridded gun. In the present case, space
charge was taken into account, while it was not necessary to'take space charge into
account with 0.1 A beam current. It was assumed, based on the measurements of beam
width for the gridded gun (figure 14), that the beam width is 0.155 inches, half the
cathode width, and this assumption produces better correlation with measurements
than does a beam width of 0.309, the full cathode width. A further discrepancy
between calculations and observations is in matching the beam in the interaction
space to the beam emerging from the gun. The thinnest beam observed is with Vk =
8.3 kv, for which the ideal location of the cathode plane is 0.011 inch above the
sole. The actual cathode location is 0.022 inch above the sole, which most nearly
corresponds to Vk = 7.0 kV. But under the latter condition, beam spread is great-
est. We must believe that there is some non-ideal condition occurring. Possible
explanations are: (1) that there is some serious non-ideal condition in the elec-
trode shapes between the exit plane of the gun and the region in which the elec-
trodes are parallel; (2) that the beam is still narrower than the half width assumed

in these calculations.
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Figure 18 shows measurements of the same kind made under temperature-1imited
conditions. Here the beam quality is much poorer than under space-charge 1imited
conditions as in figure 17. Such a result is consistent with the fact that the gun

was designed with the space-charge limited assumption.

Beam noise picked up by the meander circuit was observed using a Hewlett-
Packard 8555A spectrum analyzer. Results under space-charge limited conditions are
shown in figure 19, and for temperature-limited conditions in figure 20. For all
sets of conditions, the bandwidth is 300 kHz. For space-charge limited measure-
ments, the reference level (at the top of the screen) is +30 dBm. For temperature-

Timited measurements, the reference level is +10 dBm.

The most significant observation is the dramatic difference between noise power
observed under space-charge limited conditions and under temperature-limited condi-
tions. In the range of highest noise power density observed, about 4 GHz, the
temperature-limited observation is less than the space-charge limited observation by
more than 30 dB. Another observation is the peaks in the spectrum of the tempera-
ture-]imited case in the general vicinity of 7 to 7.5 GHz. These appear to be
related to the cyclotron frequency in the gun region. It was observed that while
the nominal magnetic field is 2800 Gauss, corresponding to 7.84 GHz cyclotron fre-
quency, the effective magnetic field tapers down a Tittle in the direction away from
the simulated interaction space. For the very long cathode (0.375 inches) for which
the pole pieces of the beam tester were not originally designed, there is a small
portion of the cathode in which the magnetic field is as low as 2500 Gauss, for
which the cyclotron frequency is 7 GHz. There is no simple theory known to the
authors which supports such correlation between noise maxima and cyclotron fre-

quency, but the relationship appears very plausible.
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A more guantitative analysis of the noise measurements was undertaken, using
the resistance factor, R, described in the previous section, to relate noise power
observed to noise in the beam. In the computer program to calculate R, a thin
laminar beam is assumed and the input data assumed a beam equivalent to the full
width of the cathode. Both of these assumptions introduce some small error, but
this is not large when with respect to the degree of accuracy with which noise power
can be determined from spectrum analyzer observations. For each set of conditions
(voltage settings and frequency) a different value of R must be calculated, where
power = 1/212R, and i = peak ac. The value of R also depends upon magnetic field,
beam width, and electrode spacings, which were the same for all runs. Cable atten-
uation was measured and taken into account. A sample set of calculations is shown
in Table I for a space-charge limited case and in Table II for a temperature-limited
case. The results of all of the calculations are summarized in Table III. The data
in figures 19 and 20 were taken when the gas jet was off. Similar photographs were
taken when the gas jet was turned on to make the measurements shown in figures 17
and 18. Also included in Table III is the inferred noise at the gun exit when
calculated space-charge (diocotron) gain is subtracted from values at the meander

circuit. An ideal laminar beam the full width of the cathode again was assumed.

The relationships between beam noise and beam configuration is of interest.
The baam which is thinnest and most dense is expected to be noisiest as a result of
diocotron gain because the coupling between electrons is greatest. Since conditions
are the same in the gun for all four combinations of line and sole voltages, the
noise generated in the gun should be about the same for all four cases. The cor-
relation between measurements of noise and beam thickness to the extent it exists
shows maximum beam noise for the combination of Vk = 8.0 kv, VS = 3.3 kV, corres-

ponding to figure 17(b) and 19(b). This is not the most compact beam according to
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| TABLE 111
SUMMARY OF NOISE MEASUREMENTS 3

| Helium Off Heljum On
Figgre Vk(kV) Vs(kV) irms(é) at irms(A? at irms(é) at
' Circuit Gun Exit Circuit
Helium Off
19(a) 8.3 -2.9 0.14 0.096 0.14
19(b) 8.0 -3.3 0.17 0.116 0.14
19(c) 7.5 -4.1 0.11 0.088 0.15
19(d) 7.0 -4.5 0.11 0.081 €.13 r
20(a) 7.5* -4.1 0.007 0.004 0.008

*Temperature-1limited

e ————
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figure 17, but it is more compact than those of figures 17(c) and (d), where the
noise was less. Mote that the noise current at the gun exit is an inferred value
assuming an ideal diocotron gain from small éigna] theory and does not necessarily

take into account the actual diocotron gain,

It is also of interest to compare measured beam noise with shot-effect noise.

Shot-effect noise current is given byzo:

j = 2e i f

Where ?? is the mean square of current fluctuations in a bandwidth f, e is the
magnitude of charge on an electron, and Io js the DC current. Values of shot-effect
noise are compared with observed noise in Tables I and II. Note that in Table II,
under temperature-limited conditions, the observed noise level is approximately
constant at 27 to 30 dB above the shot-noise level except for a range centered

around the cyclotron frequency.
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SECTION V
SUMMARY AND CONCLUSIONS

The crossed-field beam analyzer has made possible the direct measurement of the
configuration of crossed-field beams. 1In the course of the work reported here,
computer control was introduced so that the data taking and print out is automated.
A gas beam "chopper” was introduced to suppress spurious responses. As a result,
the beam analyzer becomes a much more effective tool in the analysis of crossed-
field beams. In addition, a short meander circuit was introduced so that beam noise
may be measured directly. Such noise measurements are consistent and reproducible,
and give results of sufficient accuracy for most practical purposes. There is no
method known to us for verifying the accuracy of these measurements by separate
means. The noise figure of an amplifier, for example, incorporates much more
uncertainty of measurement than the short meander circuit for noise pick-up which is

used here.

Measurement of beam configuration within the gun has been demonstrated for the
first time. An inherent deficiency in such measurements is that the gas beam
scatters after being infected because it has nowhere else to go. In the simulated
interaction space, on the other hand, the gas beam can pass directly through the
region being probed. The scattered gas molecules lead to some spurious respenses.
However, it is still possible to obtain useful data in the gun region if this Jimi-

tation is taken into account.

1t was found that the beam from the gridded gun was substantially narrower than

the cathode. Some qualitative observations from autopsies of operating IBCFA's had
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indicated that such was the case. The beam narrowing was about the same in the gun

— e -

as in the simulated interaction space. Non-uniformity of the magnetic field repre-

sents a possible cause.

The beam injected from the ungridded Kino gun shows a noise level as much as 70
dB above shot-effect noise, but well below total noise saturation. Arnaud found

total noise saturation at the gun exit for a parallel plate gun in a low frequency

6, as mentioned previously in this report. Smol, on the other hand, found
quite Tow noise in beams from Kino guns under some conditionsg. :

experiment

The most notable observation was the great decrease in beam noise when the
cathode became temperature-limited. The difference was more than 30 dB in those

parts of the spectrum showing greatest noise under space-charge limited conditions.

It has long been observed that in crossed-fields, beam noise is much less under
temperature-limited than space-charge Timited conditions. Theoretical studies

present various points of view. Some recent theoretical work by several investiga-

tors, supported by the Air Force, in fact shows that the potential minimum due to

space-charge tends to smooth the noise. The results of these investigations has

been summarized by Kooyers and Shaw of UCA Systems, and is reproduced here as Table

| IV13. What is clear is that present theory is still inadequate to give a quantita-

tive explanation of the phenomena observed.
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TABLE V13
COMPARISON OF AFOSR CROSSED-FIELD NOISE STUDIES ,

Shaw & Fontana Harker & Shkarofsky
Kooyers MacGregor Crawford
& Rowe MP8B
UCA Harris Stanford Technologies
Systems Univ.
SAI
APPROACH Lagrangian Eulerian Eulerian Eulerian
(particle) (fluid) (fluid) (fluid)
Lagrangian
(partic]e)(l)
Two-Dimensional Model Yes Yes Yes Yes
- Completed
Three-Dimensional Model Yes - No Mo
~ Completed
Self Consistent Yes Yes No(z) No<2)
Approach
Two-Dimensional Noise Yes No Yes(3) Yes(4> ’
Calculations
Verified Space Charge Yes - Yes Yes
Smoothing |
Verified Diocotron Yes - - -
Growth Mechanism
Capable of Modeling Yes Yes No No
Grids
Detected Feedback to No - No No
Potential Min. Instab.
Capable of Modeling Yes Yes No No
Entire Gun Region
Useful as a Design Yes - No No
Tool for CFA Gun<
Three-Dimensional Noise Yes No No No
Calculations
NOTES: (1) Fontana used a fluid approach in the two-dimensional model which gave

unsatisfactory results.

(2) Both Harker and Shkarofsky assumed a parabolic d.c. potential at the
cathode.

(3) Harker solved for current fluctuations only. /]

(4) Shkarofsky solved for velocity fluctuations only.
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SECTION VI
RECOMMENDATIONS FOR FUTURE WORK

[t is recommended that further experimental studies of crossed-field guns be

pursued using the apparatus now available, These experiments should include:

1. A range of beam currents,

2. A range of different cathode lengths, requiring construction of additional

guns.

3. A more comprehensive study of y-direction effects, i.e., variations
parallel to the magnetic field. Are such variations functions of magnetic

field or due to other causes?

4, Quantitative measurement of the effects of various means of noise reduc-
tion: grid parallel to electron flow, grid perpendicular to electron

flow, cathode tilt, etc.

5. Verification of spectrum analyzer quantitative measurements by coupling
the output of the meander circuit through a calibrated narrow band filter

into a power meter.

In addition, it is appropriate to examine further the mathematical models used
in noise investigations. To this end, it is recommended that a systematic exchange
in depth of theoretical work, and its relation to experimental results, take place

among all recent Air Force contractors studying noise in crossed-fields.
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